Self-phase modulation -was measured by comparing output fun- 
damental spectra at low' and high input powers. An Instrument 
Systems Spectro 320 scanned-grating spectrometer was used to 
measure pulse spectra. The resolution of the instrument is 0.3 nm- 
which is much smaller than the 6nm bandwidth of the fundamen- 
tal poises. Singlemode fibre optic inputs are used on the spectrom- 
eter, but this did* not lead to any spurious phase modulation. Fig. 
1 shows the output fundamental spectra at guided peak powers of 
20 W and 760 W for a very small detuning from phasematch of 
0.2nnx A characteristic SPM spectrum is seen for high power, 
with a narrowing of the central peak and growth of sidelobes. The 
low power spectrum is identical to the input spectrum. Numerical 
SPM modelling of short-pulse propagation in KTP [1] ai this 
wavelength results in a peak nonlinear phase shift corresponding 
to this spectrum of 0.45rc . The spectrum obtained numerically is 
shown in Fig. 2, where the frequency scale that results from the 
calculation has been scaled to wavelength through the measured 
bandwidth of the input spectrum. As can be seen, agreement 
between the theoretical spectrum and the experimental spectrum is 
very good. The asymmetry in the measured SPM spectrum is due 
to temporal walk-off and the detuning from phasematching. More 
symmetric spectra were seen at phasema telling, but with reduced 
peak nonlinear phase shifts- In addition, SPM was only observed 
in. the vicinity of the phasematch wavelength, thus indicating that 
-it is caused by the cascaded second-order' process rather than 
through x* 5J . 
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„ An efTective nonlinear refractive index, can be calculated from 
the measured nonlinear phase shift. Using the geometric area as 
an estimate of the waveguide efTective area gives a guided funda- 
mental intensity of 1.5GW/cm 2 . which results in an efTective n 2 - 
6.8 x lO-"cm 2 /W for the 0.45 tc phase shift measured in this sam- 
ple. This number is comparable to that of AlGaAs at 1.55um, 
which has/proven to be. a promising material for aU-optical switch- 
ing in the telecommunications window [SJ. Thus, cascading po ten- 
tially offers a new means of performing switching operations at 
these wavelengths, and the wide availability of high quality, well 
-characterised x m materials makes this approach especially promising^ 

©1EE 1994 . . . ' 2$ June 1994 

Electronics Letters Online No: 19940966 

M. L. SuDdheimer, A. Villcneuvc and G. 1. Stegeman (CREOL, 
Untwrsiry of Central Florida. 12424 Research Parkway Orlando, FL 
32826, USA) , 

J. D. Bierlein (£. /. Du Pom de Nemours & Co. Central Research <£ 
Development. Experimental Station PO Box 80356 Wilmington DE 
.19880. USA) * ' 

A. ViHeneuve: Current address: COPL,- University Laval; Quebec'GJK 
7P4. Canada 



Direct UV writing of buried slnglemode 
channel waveguides in Ge-doped silica films 

M.. Svalgaard, C.V. Poulsen, A. Bjarklev and 
O. Poulsen 



Jndexing terms: Optical waveguides. Chemical vapour deposition, 
Integrated optics. Photorefractive effect 



German csiUcatc film waveguides fabricated by piasma enhanced 
chemical vapour deposition have been shown to possess high 
sensitivity towards. UV induced index changes. As an illustration 
of possible furure. applications, direct point-to-point writing of 
buried singlemode channci waveguides using a focused, 
continuous wave, UV laser beam is demonstrated. 

Introduction: In recent years much attention has been directed 
towards the process and applications of the UV induced refractive 
index change in gennanosilicate. glasses. The process of UV 
induced index change is complex and not yet fully understood [1, 2]. 
Until recently most of the work in this field has been performed 
. on Ge-doped silica fibres with pulsed laser systems as UV sources. 
However, recent advances in thin film silica deposition techniques 
are making it possible to extend this work to include direct UV 
writing of index structures for use in thin film photonics devices. 
Direct writing can dramatically simplify the fabrication of thin 
film photonics devices, because several complicated processing 
steps including photolithography and reactive ion etching (RJE) 
may be bypassed. Singlemode channel waveguides have recently 
been UV patterned with a pulsed UV source using a mask to 
define the guiding structure [3]. Id this Letter we present a demon- 
stration of direct point-to-point writing of buried singlemode 
channel waveguides using a focused, continuous wave (CW), UV 
laser beam. 

Experiment: The film waveguide was fabricated in a plasma 
enhanced chemical vapour deposition (PECVD) chamber by 
depositing first an SiO, buffer layer followed by an Si0 2 -GeOj 
core layer and finally an Si0 2 cladding on. a 4" silicon wafer. The 
bufferrcore-cladding thicknesses were 6, 2.5 and 6um with refrac- 
tive indices at 633 nm /?„ n 2t .n y = K459, 1.475, 1.459, respectively. 
Secondary ion mass spectroscopy, revealed a uniform core layer 
. Ge concentration equal to -1 1 mol c /o. Trace amounts of aluminum 
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were also detected in the annealed sample, which may be due to 
contamination from the PECVD chamber walls. 

Our UV source was a continuous wave intracavity frequency 
doubled Ar laser (Innova 300 FreD) producing up to 300mW 
nearly polarised light at a wavelength of 244 nm. The beam is first 
expanded (x 10) and low intensity flanges cut ofF with an aperture. 
Finally, the beam was focused, by a single lens onto the film 
waveguide which was mounted on DC X-Y translation stages. 
Before commencing writing, the distance between the focusing lens 
and the silicon wafer was carefully adjusted so that the waist of 
the focused beam coincided with the wafer surface at an angle of 
incidence of 90°. We can position the beam waist to within ± 
lOum of the wafer surface, which is small in comparison with the 
focal depth of -70 of our / = 50mm lens. We calculated the 
focal plane 1/e 2 beam diameter to be 5 ± lum. Although adequate 
for our demonstration, beam waist diameters as small as Hum 
may be achieved with diffraction limited optics. To write 
waveguides with larger diameters the wafer was simply moved 
slightly out of focus to a location where the UV beam had the 
desired diameter. 

For evaluation, 1.55um light was coupled into the waveguide 
with a singlemode fibre. The far field distribution of the exiling 
light was then displayed via a microscope objective on an 1R camera. 
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fig. I UV indiced index change as measured with prism coupler setup 

Results and discussion: Before attempting to write channel 
waveguides we examined the degree of photosensitivity of the Ge 
doped layer. For this purpose a 3 urn thick, single layer of Si0 3 - 
GeO, was grown by PECVD and subsequently annealed for 2h at 
800 °C. With a prism coupler setup the refractive index of the film 
could be measured with a precision of 2 x 10^*. After 45 min of 
200 mW UV exposure with a 2mm diameter beam we were able to 
measure an index change An — .2.5 x 10" 3 , as shown in Fig. 1 [4], 
This index change is surprisingly large, because previously 
reported changes in non-photo sensitised materials rarely exceed 
1CH [5J. Our result approaches that achieved in fibres pbotosensi- 
tised by hydrogen loading where index changes of the order of 10-- 
have been reported [3]. We speculate that the high degree of pho- 
tosensitivity in our samples may be due to the use of hydrogen 
(SiH* and GeF^) in the PECVD process, increasing the density of 
Ge-Si wrong bonds. We also speculate that the photosensitivity in 
our samples may have been enhanced by the presence of trace 
amounts of aluminum, as has earlier been reported for fibres [5]. 

Encouraged by these results we proceeded with direct writing of 
buried channel waveguides. Linear structures with a length of 
28mm and a separation of 300 um were written with different 
scanning speeds, v >W(W = 20-500 um/s, and beam diameters, = 
5-50 um. The UV power incident on the film waveguide was 
70m W. Thus, a typical fluence of the order of lOM/cm 2 * similar to 
that applied when writing gratings in fibres [5). With UV beam 
diameters smaller than -lOum, the structures could easily be seen 
visually on the film waveguide. Examples of typical singlemode 
profiles, measured horizontally (i.e. parallel to the film structure), 
are given in Fig. 2. Note that waveguides written in this experi- 
ment arc elongated horizontally, because the thickness of the guid- 
ing layer is smaller than the UV beam width. The resulting 
elongation of the guiding mode is enhanced by. the fact that the 
horizontal index step of the waveguide, induced by UV exposure, 
is smaller than the vertical index step. In some waveguides, written 
with large beam diameter and low scan speed, multimode charac- 
teristics in the horizontal distribution are observed. 
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For waveguides written with beam diameters larger than 
-1 5um. the FWHM of the horizontal optical field (m^^^) increased 
with scanning speed. This behaviour is consistent with a nonsatu- 
rated situation where An increases with decreasing scanning speed/ 
For smaller writing beam diameters, w niod£ was nearly independent 
of the scanning speed. From simple theory it can be shown that 
••t^ becomes rather insensitive to further increases in the index 
step when the mode width approximately equals that of the guide. 
Therefore, it is difficult to determine whether we saturate the 
index change with smaller UV beam diameters. The measured 
optical field FWHM was compared to results from a simple effec- 
tive index calculation suggesting index changes ranging from 10"* 
to more than 10°, in good agreement with the initial prism coupler 
measurements. 
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Fig. 3 Minimum obtained FWHM of mode profile shown as function of 
corresponding UV beam diameter 

• first run 
A. second run 

The minimal optical field FwHM is generally achieved with the 
smallest writing speed. Fig. 3 shows the minimum FWHM of the 
mode as a function of the writing beam diameter for two consecu- 
tive runs. It is evident that there is nearly a 1:1 relationship 
between the LTV beam diameter and the mode width, demonstrat- 
ing that we are able to control the mode width by varying the dis- 
tance between the film waveguide and the focusing lens. 

Conclusion: Germanosilicate thin films and thin film waveguides 
on silicon have been fabricated via PECVD. We have demon- 
strated a high degree of intrinsic photosensitivity, facilitating index 
changes of several times 10~* for fluences of -)0 4 J/cm 2 at 244 nm. 
With a focused continuous wave UV laser beam and DC X-Y 
translation stages we have demonstrated point-to-point writing of 
buried singlemode channel waveguides with diameters ranging 
from 5 to 50 um. Scanning speeds up to 500nm/s, limited by the 
apparatus, have yielded good results. Control of the guiding mode 
characteristics through the laser beam diameter and scanning 
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speed Is achieved. Owing to the high intrinsic photosensitivity, no 
photosensitation prior to UV exposure is necessary to achieve 
these results. With subxnicrometre three-dimensional positioning 
and diffraction limited focusing of the UV beam, direct writing 
facilitates easy waveguide fabrication with high flexibility for 
novel devices. 
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Integrated optics for optical head 
applications 

M. Ocbiai, H. Temkin and R.R Kazarinov 



Indexing terms: Integrated optics. Optica! storage 

A waveguide structure for use in op;:cal head systems is 
presented. The fabricated structures are 10 X 2 X 2mm 3 and are 
<0.2g in mass. The waveguide* propagate data and feedback 
signals for tracking ccd focusing. The proper generation of these 
signals and their sensi li vity to the accompanying imaging optics 
are demonstrated. 

Introduction: The access lime of conventional optical recording or 
reading devices is limited primarily by the mass of the optical 
head. The optics consists of multiple miniature free space compo- 
nents, having tight optiral and alignment tolerances, resulting in 
beads several centimetres in dimension and 50-j00g in mass [1,2]. 
Higher performance and improving laser technology require 
increasingly lighter and smaller optics, imposing even more strin- 
gent requirements on system design, fabrication, abgnmeni and 
testing, integrated optics technology offers both snbmicromnetre 
process control and planar fabrication, reducing head size, mass, 
and manufacturing costs. A fully integrated head using holo- 
graphic lenses has been demonstrated [3], however, this system is 
currently limited by low grating efficiency and focusing power. 
Here, a hybrid approach is presented, in which waveguides are 
used to perform tracking and focusing functions, greatly reducing 
the number of discrete optical components required. 

Device design: Fig. I shows a schematic diagram of the hybrid 
integrated optical head operation. The fundamental mode of a 
laser is launched into the centre waveguide. The light is then cou- 
pled to two adjacent subsidiary waveguides. The three waveguides 
terminate at different points along their respective axis, such that 
only the beam exiting from the centre waveguide is focused by a 
lens system on the disk surface. The two adjacent beams are 
focused slightly in front and to the back of the disk surface. 



respectively. Light reflected from the disk is collected by the lens 
and it propagates back through all three waveguides. The two sub- 
sidiary waveguides each branch into two separate waveguides. The 
reflected light intensities coupled out by the branch. waveguides 
are detected and used to provide feedback signals used by the 
accompanying electronics to generate the appropriate servo-con- 
trol signals 



photo detector 




control 



Fig. 1 Schematic diagram of waveguxded optical head operation 

When the centre beam is focused on the disk surface, light 
intensities reflected back through the two branch waveguides on 
either side of the centre waveguide are equal. However, if the disk 
"wobbles', one of the adjacent beams is more tightly focused on 
the disk, and the resulting reflection signal wiS be stronger. An 
error signal generated by the comparison of the two detected sig- 
nals is used to adjust the lens or waveguide structure to its proper 
focusing position along the optical axis. The two outside branch 
waveguides may be used in a similar manner. 

Tracking of the centre beam in the plane of the disk is moni- 
tored by a signal generated by the reflected light emitted by the 
two adjacent branch waveguides on either side of the centre 
waveguide. When the centre beam is not centred on the track, the 
first order mode is reflected back in addition to the fundamental 
mode. The two modes interfere destructively and constructively in 
the two guides, respectively. Again, the differential intensities are 
used to initiate the appropriate adjustments. 

Any combination of the four reflected light intensities may be 
used to generate the data signal. For polarisation sensitive sys- 
tems, a polarisation splitter may be incorporated into the 
waveguide structure [4], 




Fig. 2 Photograph taken by an infrared camera showing the cross sec- 
tionai view of the waveguide structure 
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Direct writing of plcncr waveguide power 
splitters end directions couplers using a 
focused ultraviolet laser becm 

M. Svalgaard 



Indexing tenns: Optical wawguides, Planar waveguides 

Planar waveguide power splitters and directional couplers have been 
fabricated in silica using a continuous wave UV laser beam. The 
performance in terms of size, excess loss and spectral response is 
similar to that obtained with other techniques, while the fabrication 
time per device is a few minutes. 

Introduction: Silica based planar waveguide devices are key compo- 
nents for high-speed signal processing in optical telecommunication 
networks. Hence, a great deal of effort is currently directed towards 
development of high volume production methods for such devices. 
The most common methods rely on photolithography and reactive 
ion etching for defining waveguide patterns in silica films fabricated 
using flame hydrolysis or chemical vapour deposition. An alternative 
method has recently been demonstrated where a focused continuous 
wave ultraviolet (UV) laser beam is used to directly write waveguides 
in germanosilica [1, 2]. This simple fabrication mdhod requires less 
equipment and wafer processing and is therefore potentially cheaper 
and also more reliable than conventional techniques. 

In this Letter, results are presented concerning direct UV writing 
of planar waveguide power splitters and directional couplers on a sil- 
icon substrate. The results indicate that the performance of these 
basic devices in terms of size, excess loss and spectral response is 
similar to that obtained with more complicated fabrication tech- 
niques relying on photolithography and reactive ion etching. 

Experiment: Planar waveguides have been written into a photosensi- 
tive glass film using a focused 244 nm continuous wave laser beam 
and high precision three dimensional translation stages |1, 2|. The 
sample consists of a 4 in silicon wafer with a three layer silica film 
waveguide fabricated by plasma enhanced chemical vapour deposi- 
tion. The film waveguide core layer is 2.5 pm thick and is co-doped 
with -13mole% GeO ; . The wafer was cleaved into several pieces of 
length 33mm. The U V spot diameter on the sample is ~5ujn and the 
incident UV power is 17m W. The sample was loaded prior to UV 
exposure with -2 mole % of deuterium to increase the photosensitiv- 
ity [3]. After UV processing, the sample is annealed at 80 °C to per- 
mit outdiffusion of residual deuterium and to increase the thermal 
stability of the UV induced index structures. Insertion loss measure- 
ments are performed by coupling light from a \.5A\xm diode laser to 
the waveguides using standard singleraode fibres. The broadband 
spectral response may be evaluated on a spectrum analyser by 
replacing the diode laser with a white light source. 

Results afid discussion: Four port directional couplers and 1:2 power 
splitters have been fabricated using the direct UV writing technique. 
Such devices have been demonstrated previously [4, 5] using pulsed 
UV lasers and a metal mask defining the waveguide pattern; however 
these devices exhibited higher losses than normally obtained with 
standard techniques. 

The power splitters presented here consist of a straight input arm 
splitting up into two straight output arms through symmetrical S- 
bends made with circular arcs Straight and curved waveguides were 
written with different scan speeds to minimise the fabrication time 
while maintaining low loss, as previously reported [2]. From effective 
refractive index measurements using weak Bragg gratings [6] and 
comparison with numerical models [71 the UV induced refractive 
index change is estimated to be ~3 x 10~ ? in the straight waveguides 
and -6 x lfh 3 in the bends. The splitters were fabricated in two steps, 
each including a scan of the input arm followed by the appropriate 
S-bend and output arm. Several splitters with an output arm separa- 
tion of 200 |im have been fabricated. The length of the region con- 
taining the splitter structure was varied from -3 to -8 ram by varying 
the radius of curvature used in the S-bend s from 30 to 170mm. Sev- 
eral straight reference waveguides were also fabricated along with 
the splitters. 

The total insertion loss of the reference waveguides is -3.7 dB. 
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This is mainly caused by coupling loss to the fibres, since the propa- 
gation loss is < 0.2dB/cm [2]. The excess splitter loss, defined as the 
ratio between the total transmitted power through a splitter and that 
through a reference waveguide, is typically < 0.2dB. Only for splitter 
lengths approaching 3mm did the loss increase above this value, 
most likely due to increased loss in the S-bends. Measurements of 
the spectral response from 0.9 to 1.65ujn indicate a wavelength 
dependent splitting ratio for short device lengths. We speculate that 
this effect may be due to non-adiabatic field evolution in the splitting 
region. This behaviour is normally not desirable since it reduces the 
bandwidth of the device and prohibits symmetrical splitting from 
occurring at all but a few wavelengths. For splitters longer than 
approximately 6-7 ram, the wavelength dependency is dramatically 
reduced. As shown in Fig. 1 for a 7.2mm long device, the splitting 
ratio is 50% within a few percent over a 400nm range from 1.25 to 
1.65ujn. For wavelengths < ~1.25nm, the splitting ratio is asymmet- 
ric, most probably due to a varying excitation of the multiple modes 
supported by the waveguides at these wavelengths. 




Fif;. I S/nwtrul response of UV written power splitter 

Total length 7.2mm 

detection arm 1 
detection arm 2 

The directional couplers presented in the following consist of dual 
waveguide input/output ports that are connected to a central cou- 
pling region by S-bends. The various sections of these couplers were 
written in a fashion similar to that described above. The length and 
centre-to-centre separation of the straight waveguides in the central 
coupling region are denoted L and c, respectively. A number of cou- 
plers have been fabricated with c = 9uju with L varying from 500 to 
2600pm. The input/output port waveguide separation is 200 urn, 
while the radius of curvature used in the S-bends is 40mm. The 
device length varies from approximately 8 to 10mm. Several straight 
waveguides, intended for calibration, were written along with the 
couplers. 




©aupSng length, urn 

Fig. 2 Coupling ruiio against coupling length of UV written directional 
couplers 

O measured 
curve fit 

The couplers were evaluated by exciting input arm 1 using the 
1.54mn diode laser and measuring the coupling ratio, /yfPi + 
where Pi and P 2 is the power measured at output arm 1 and 2, 
respectively. The measurements are shown in Fig. 2 for varying L. 
All the couplers are symmetrical within the measurement accuracy, 
i.e. the observed coupling ratio does not change if input arm 2 is 
excited instead. The form of the coupling ratio expected from simple 

33 No. 20 



coupled mode theory [8] has been fitted to the measured values with 
the coupling beat length, the amount of coupling occurring in the 
bends, and the maximum extinction ratio as free parameters and it is 
included in the Figure. In this way, a coupling beat length L c =* 
760^im and a maximum extinction ratio of -25 dB is obtained. It 
may be shown [8] that such a high extinction ratio occurs when the 
propagation constant of each waveguide in the coupling region is 
identical within ~30ppm. The reproducibility of UV written 
waveguides is therefore quite high. The effective length describing 
coupling occurring in the bends is At — 695 fim, as obtained from 
the fit. This value, corresponding to nearly a full transfer of power in 
the bends, may be reduced by increasing the waveguide separation. 
The measured excess loss of the couplers is < 0.2dB for linear cou- 
pling regions up to ~ 1500pm in length, after which it increases to 
approximately 0.8 dB. Higher loss for longer coupling lengths is to be 
expected since the super mode of the dual waveguide structure in the 
coupling region is more lossy and more affected by small imperfec- 
tions in the host material than an isolated waveguide. 

The fabrication time of the splitters and couplers described here 
has been approximately 13min per device. Recently, the amount of 
incident UV power has been increased, permitting higher scan veloc- 
ities to be used. This has reduced the fabrication time to ~3min per 
device. 

Conclusion: Direct writing in germanosilica with a focused UV laser 
beam has been used to fabricate power splitters and directional cou- 
plers. These devices exhibit low excess loss (<0.2dB) and good spec- 
tral characteristics while having a fabrication time of a few minutes. 
These results indicate that direct UV writing is a realistic alternative 
for high volume production of planar waveguide devices. 
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